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ABSTRACT 

Biologically  inspired  autonomous  subsea  systems  are  recently  being  developed,  for  oceanographic  and 
underwater  explorations.  The  profile  of  aquatic  animals  offer  least  resistance  to  mobility  in  marine  habitats  and  is  being 
mimicked  to  generate  biomimetic  self  sufficient  and  energy  efficient  undersea  vehicles.  Dependence  of  buoyant  force  on 
such  self  propelled  systems  forces  the  application  of  light  weight  material  for  the  manufacture  of  these  vehicles.  The  high 
mouldabilty,  specific  stiffness  and  specific  strength  of  the  novel,  advanced  material,  the  laminated  composite,  make  it 
appropriate  for  the  fabrication  of  the  biomimetic  self-contained  underwater  systems.  The  geometry  of  the  biomimetic 
subsea  systems  can  be  represented,  by  thin  doubly  curved  shell  surface.  Absence  of  classical  solutions  for  the  structural 
responses  of  general  laminated  composite  thin  doubly  curved  shells  under  external  hydrostatic  pressure  demand 
numerical  analysis  procedures  to  evaluate  the  structural  behaviour.  In  this  circumstance,  the  finite  element  method 
presents  itself  as  an  efficient  tool,  for  the  investigation  of  structural  responses  of  composite  doubly  curved  shells.  This 
paper  presents  the  computation  of  elastic  structural  responses  of  laminated  composite  spherical  shell  acting  as  the 
supporting  structure  for  the  underwater  vehicles,  using  appropriate  composite  doubly  curved  triangular  shell  element 
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INTRODUCTION 

Nature  has  bestowed  the  aquatic  animals  with  the  profile  that  enables  them  to  move  relentlessly  beneath 
the  calm  and  quite  ocean,  without  breaking  the  silence  of  the  peaceful  sea.  Biologically  diverse  outlines  of  marine 
environment  have  inspired  human  beings  in  developing  biomimetic  subsea  systems,  to  explore  the  unrevealed 
water  body  that  constitutes  the  blue  planet.  Biomimicry  has  attracted  large  number  of  researchers  around  the  world, 
due  to  the  least  energy  required,  by  such  shaped  vehicles  or  robots,  in  navigating  through  water.  Twenty  first 
century  has  seen  human  curiosity,  to  explore  and  utilize  the  subsea  resources  for  the  advancement  of  this  race.  This 
has  led  to  the  development  of  underwater  systems  that  impersonates  the  naturally  found  body  shapes  of  subsea 
animals  and  imitates  their  locomotive  systems.  Earlier  in  this  century,  Vaidyanathanet  al  (2000)  has  developed  a 
hydrostatic  semi  autonomous  robot  that  resembles  the  body  plan  of  segmental  worms,  which  could  be  employed 
for  specific  marine  applications.  The  profile  of  fish  and  its  movement  systems  have  inspired  mankind,  to  develop  a 
large  number  of  biomimetic  underwater  vehicles.  Gou  (2006),  have  developed  an  experimental  model,  of  a 
biomimetic  autonomous  underwater  vehicle  (BAUV)  that  imitates  the  profile  of  a  fish  with  caudal  fins.  The  work 
has  been  extended  in  developing  a  mooring  system  for  BAUV  (Gou,  2008)  that  is  an  essential  aspect,  since  the 
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batteries  are  to  be  charged  onshore.  The  profile  and  propulsion  system  of  caudal  fins  have  been  recreated,  in  a  biomimetic 
fish  like  robot,  by  Heo  et  al  (2007)  employing  shape  memory  alloys  (SMA)  for  the  fins,  the  properties  of  which  can  be 
varied  with  the  environment.  A  similar  technology  have  been  employed  by  Wang  et  al  (2008),  in  developing  a  biomimetic 
fin  for  a  micro  robot,  using  actuated  SMA  wires,  which  provide  a  flexible  fin.  The  outline  and  the  stiffness  distribution  of  a 
rainbow  trout  have  been  mimicked,  by  Salumae  and  Kruusmaa  (2011)  and  experiments  have  been  conducted,  on  the 
biomimetic  fins  and  concluded  that,  such  artificial  fins  when  employed  together  with  fish  like  robots  could  recreate  the 
swimming  mode  of  the  fish.  Experiments  on  wide  variety  of  fish  robots  (Tan,  2012,  Ren  et  al,  2013,  Zhou,  2013)  that 
employs  the  principles  of  adaptability  of  the  fish,  to  the  aquatic  environments  and  the  mobility  of  the  same  in  the  marine 
atmosphere  have  been  performed  recently.  Large  undulating  fins  are  a  gift  of  god  to  the  great  ocean  swimmers.  The 
concept  of  undulating  fins  together  with  the  geometry  of  these  marine  swimmers  were  mimicked  by  researchers  (Zhang  et 
al,  2007,  Hu  et  al,  2009,  Low,  2009,  Lauder  et  al,  2012),  in  developing  near  perfect  autonomous  mobile  systems. 
Differently  shaped  ocean  creatures,  the  jellyfish,  electric  ray,  blue  spotted  ray,  cuttlefish  etc.  have  inspired  the  human  brain 
that  led  to  the  generation  of  subsea  vehicles  (Yeom  and  Oh,  2009,  Krishnamurthy  et  al,  2010,  Zhang  et  al,  2012,  Gao  et  al, 
2014)  that  acquired  the  benefits  of  the  geometry  of  these  aquatic  lives.  Amphibians  that  live  in  both  aquatic  and  terrestrial 
environments  have  also  motivated  the  intellect  of  the  only  thinking  creature  at  earth  and  guided  the  way  towards  the 
development  of  amphibious  self-sustained  systems  (Zhang  et  al,  2006,  Georgiades  et  al,  2009,  Shim  et  al,  2013,  Shi  et  al, 
2013,  Li  et  al,  2014),  which  could  progress  along  the  dual  atmospheres.  Zhang  et  al,  2013  has  developed  an  amphibian 
robot,  where  the  underwater  motion  is  established  utilizing  fins  that  transform  into  legs,  when  moving  on  land. 

The  experimental  investigations  that  has  been  reported  were  accomplished,  on  the  prototypes  manufactured  of  the 
material  of  the  era,  the  laminated  composites  that  is  known  for  its  tailor  made  properties  and  shapes.  Also  the  use  of 
laminated  composites  to  self-sufficient  subsea  systems  can  provide  a  non-conducting  medium  by  properly  selecting  the 
material  combinations.  The  external  components  of  biomimetic  aquatic  autonomous  structural  systems  are  acted  upon  by 
hydrostatic  pressure,  the  response  analysis  of  which  is  an  essential  and  inevitable  procedure  in  the  design  of  such  systems. 
The  profile  of  biomimetic  subsea  systems  are  more  often  curved  that  can  be  reproduced  utilizing  the  doubly  curved  shells. 
Classical  solutions  to  the  structural  response  of  such  shells  prepared  of  complex  composite  material  systems,  hardly  exists 
demanding  the  numerical  analysis  of  the  biomimetic  underwater  systems,  using  finite  element  method.  This  paper  presents 
structural  analysis  of  laminated  composite  subsea  shells  of  the  body  of  biomimetic  aquatic  robots,  using  the  newly 
developed  doubly  curved  shell  element  and  provides  a  solution  to  the  challenges  in  deep  sea  engineering. 

STRUCTURAL  ANALYSIS  OF  A  SPHERICAL  SHELL  SUBJECTED  TO  EXTERNAL 
HYDROSTATIC  PRESSURE 

The  structural  analysis  of  a  laminated  composite  spherical  shell,  subjected  to  external  hydrostatic  pressure  has 
been  accomplished,  using  a  newly  developed  appropriate  composite  shell  finite  element  (Smitha,  2014).  The  doubly  curved 
shell  element  is  based  on  isoparametric  formulation,  with  a  nine  noded  triangulargeometry  having  five  degrees  of  freedom 
per  node  viz.,  the  three  translations  and  two  inplane  rotations.  The  existing  strain-displacement  relations  based  on  First- 
order  Shear  Deformation  Theory  (Reddy,  1997)  were  modified  to  include  the  curvature  terms  in  the  shear  strains  and  hence 
provide  a  more  realistic  behavior  of  the  doubly  curved  shell.  The  initial  ten  noded  triangular  shell  elements  that  happens  to 
be  a  necessity,  to  incorporate  the  complete  cubicpolynomials  as  shape  functions  is  trimmed  down  to  nine  noded  triangular 
shell  element  using  the  well  known  finite  element  technique  static  condensation  (Cook,  1989).  The  innovative  element  is 
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capable  of  predicting  the  layerwise  structural  responses  of  a  laminated  composite  thin,  doubly  curved  shell  subjected  to 
external  hydrostatic  pressure  made  of  any  number  of  laminae.  The  interlaminar  shear  stresses  that  play  a  major  role  in  the 
failure  of  laminated  composite  shells,  can  be  qualitatively  estimated  by  employing  this  novel  finite  element.  The  modified 
strain-displacement  relations  are  specified  as  Eqns  (la)  and  (lb),  as  presented  below. 

=  9^+05  +Ck5  (la) 

y6i;  =  9e  +Pfi+CK6  (lb) 

The  terms  Ctcs  in  (la)  and  (jtc6  in  1(b)  are  derived  in  the  present  research  work  and  has  been  inserted  in  the  existing 
strain-displacement  relations,  hence  modifying  them.  The  details  of  derivation  of  the  abovementioned  terms  have  been 
provided  in  Smitha  (2014).  The  constitutive  relations  provided  by  Reddy  (1997),  for  any  number  of  layers  of  anisotropic 
material  have  been  adopted,  for  the  formulation  of  the  finite  element.  MATLAB  has  been  employed  as  the  tool,  for  coding 
the  formulations  for  the  shell  finite  element  and  the  basic  steps  in  the  finite  element  analysis. 

Prototype  of  the  spherical  underwater  robot,  developed  by  Lin  et  al  (2011)  is  structurally  analyzed,  using  the 
appropriate  finite  element  developed.  The  acrylic  material  is  used  for  the  manufacture  of  40cm  diameter  subsea  spherical 
autonomous  system,  with  3mm  thickness  of  the  external  hull.  The  experimental  analysis  of  the  prototype  has  been 
conducted,  for  an  external  hydrostatic  pressure  of  0.012MPa  and  has  sustained  the  pressure  without  any  damage. 
Symmetry  allows  the  modeling  of  the  spherical  pressure  hull  by  a  spherical  shell  panel;  with  included  angle  of  0.7854 
radians  with  symmetric  boundary  conditions  on  all  four  sides  of  the  panel.  Figure,  la  below  shows  the  geometry  of  the 
spherical  shell.  The  spherical  shell  panel  has  been  discretized,  using  a  7x7  meshof  the  newly  developed  shell  element  as 
shown  in  Figure  lb.  E=3200N/mm2  and  Poisson’s  ratio=0.35. 


3mm 


-  40cm  - ► 


Figure.la:  Thegeometry  of  the  Spherical  Shell  Figure,  lb  7x7  Mesh  of  the  Spherical  Shell  Panel 

A  linear  static  analysis  of  the  shell  has  been  conducted  and  the  results  have  been  presented  in  the  Table  1  below. 
The  same  structure  has  been  analysed  using  the  commercial  software  ANSYS  and  the  results  are  also  presented  in  Table  1. 
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Table  1:  Structural  Responses  of  an  Acrylic  Spherical  Shell 


Output 

Authors  (7x7  )Mesh 

ANSYS  (30  X30 
Mesh) 

Radial  deflection  (mm) 

0.0209 

0.0206 

Inplane  stress  aJN/mm2) 

0.4099 

0.3926 

Inplane  stress  Gee  (N/mm2) 

0.4101 

0.4013 

Inplane  shear  stress  i^e  (N/mm2) 

0 

0 

Transverse  shear  stress  xm  (N/mm2) 

0.0001 

0 

Transverse  shear  stress  iez  (N/mm2) 

0 

0 

The  same  structure  has  been  analyzed,  by  changing  the  shell  material  to  cross  ply  laminated  composite  of  glass 
epoxy  laminae  having  9  layers,  in  order  to  present  the  advantage  of  using  such  advanced  materials.  The  material  properties 
reported  by  Kaw  (2006)  as  given  below  are  employed  herein. 


E!=38.6GPa,  E2=  E3=8.27GPa,  G12=  G13=  4.14GPa,  G23=2.07GPa,  v12=0.26 


Table  2  presents  the  results  of  the  analysis. 


Table  2:  Structural  Responses  of  Cross  Ply  Laminated  Composite  Spherical  Shell 


Output 

Authors  (7x7  Mesh) 

ANSYS  (  60x60  Mesh) 

Radial  deflection  (mm) 

0.0039 

0.0043 

Inplane  stress  Gan^N/mm2) 

0.6418 

0.5657 

Inplane  stress  Gee  (N/mm2) 

0.1692 

0.1186 

Inplane  shear  stress  t„,0  (N/mm2) 

0 

0.0002 

Transverse  shear  stress  T<pZ 
(N/mm2) 

0 

0 

Transverse  shear  stress  x0z 
(N/mm2) 

0 

0.0001 

The  advantage  of  using  laminated  composites  can  be  inferred  from  Table  2,  as  the  deflection  has  reduced  by  84%, 
on  employing  cross  ply  glass  epoxy  shell. 

CONCLUSIONS 

Biomimetic  underwater  autonomous  structure  presents  an  efficient  ocean  monitoring  systems,  which  extracts  the 
advantages  of  the  biological  shape  and  the  mobility  features,  bestowed  on  the  subsea  organisms.  Structural  responses  of  a 
typical  spherical  underwater  vehicle  have  been  established  using  an  appropriate  laminated  composite  doubly  curved  shell 
finite  element  and  have  been  compared  with  results  obtained,  using  the  commercial  software  ANSYS.  The  advantage  of 
employing  laminated  composite  material  for  the  manufacture  of  underwater  systems  has  been  ascertained,  from  the 
predicted  responses  of  the  spherical  subsea  vehicle. 
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